Endoplasmic reticulum (ER) stress is involved in the pathophysiology of kidney disease and aging, but the molecular bases underlying the biologic outcomes on the evolution of renal disease remain mostly unknown. Angiogenin (ANG) is a ribonuclease that promotes cellular adaptation under stress but its contribution to ER stress signaling remains elusive. In this study, we investigated the ANG-mediated contribution to the signaling and biologic outcomes of ER stress in kidney injury. ANG expression was significantly higher in samples from injured human kidneys than in samples from normal human kidneys, and in mouse and rat kidneys, ANG expression was specifically induced under ER stress. In human renal epithelial cells, ER stress induced ANG expression in a manner dependent on the activity of transcription factor XBP1, and ANG promoted cellular adaptation to ER stress through induction of stress granules and inhibition of translation. Moreover, the severity of renal lesions induced by ER stress was dramatically greater in ANG knockout mice (Ang 2/2 ) mice than in wild-type mice. These results indicate that ANG is a critical mediator of tissue adaptation to kidney injury and reveal a physiologically relevant ER stressmediated adaptive translational control mechanism.
ESRD is a medical condition resulting from CKD, which affects millions of persons worldwide and constitutes a major public health problem and economic challenge. AKI results in the destruction of the renal parenchyma and is a major risk factor for the development and progression of CKD and incident ESRD. 1 Notably, the prognosis of injured kidneys depends on the extent of the damage rather than the underlying disease. 2 AKIs lead to profound adaptive cellular reprogramming to maintain cellular homeostasis, promote cell survival, and eliminate stressors. Although primarily protective, these events also actively participate in tissue remodeling through the promotion of inflammation and fibrosis. [3] [4] [5] Therefore, characterizing the molecular mechanisms underlying the cellular response to acute stress and their structural and functional consequences at the tissue level is crucial for the development of preventive and therapeutic strategies in renal medicine. Many disturbances related to AKI, and including redox regulation, aberrant calcium fluxes, glucose deprivation, viral infections, altered glycosylation, or folding enzyme inhibition, interfere with the endoplasmic reticulum (ER) protein-folding machinery and subsequently lead to the accumulation of misfolded proteins in the ER lumen, a condition referred to as ER stress. 6 In the kidney, ER stress often occurs in podocytes and tubular cells under an injured microenvironment and has thereby been implicated in the pathophysiology of various renal diseases. [7] [8] [9] [10] [11] [12] Upon ER stress, the unfolded protein response (UPR) is activated, engaging transcriptional, posttranscriptional and translational programs to reduce the misfolding burden in the ER by reducing the amount of proteins entering this compartment, increasing its folding capacity and ameliorating the clearance of accumulated proteins. The UPR is signaled through three ER stress sensors, including activated transcription factor 6 (ATF6), inositol-requiring enzyme 1a (IRE1a) and protein kinase RNA-like ER kinase (PERK). In addition, the UPR not only promotes the elimination of misfolded proteins but also engages cell nonautonomous responses (angiogenesis, inflammation) to promote tissue-level adaptation and serve as a signal for the surrounding healthy tissue (i.e., the cell nonautonomous adaptive response).
The secreted ribonuclease angiogenin (ANG) was first identified as an angiogenic factor in tumor cell-conditioned medium 13 and is a component of stress response programs in yeast and mammalian cells. 14, 15 In mammalian cells, ANG promotes ribosomal RNA transcription and cell growth. 16 Under stressful conditions, such as heat shock or oxidative stress, cytoplasmic ANG may contribute to stress-induced translational repression through the promotion of tRNA cleavage. 15, [17] [18] [19] Therefore, ANG may act both intracellularly and extracellularly to promote cell and tissue adaptation, respectively. Whether ANG signaling contributes to the UPR is currently unknown; however, this information would provide key insights into the regulatory and biologic functions of the UPR.
In the present study, we explored the molecular basis underlying the regulation of ANG by the UPR and characterized how this regulation promotes cellular adaptation during ER stress. Our results indicate that ANG, as a critical regulator of the stress response regulated by the UPR, plays a critical role in tissue adaptation in response to kidney injury.
RESULTS

ANG Expression is Induced in the Injured Kidney Epithelium
We first determined whether ANG is expressed in injured human kidneys. To this end, we analyzed the relative expression of ANG transcripts in a series of 16 consecutive kidney allograft biopsies, which are integrators of numerous injuries (toxic, immunologic and/or ischemic), 20 systematically performed 3 months after transplantation. The results showed that the expression of ANG transcripts was significantly higher in injured tissue samples assessed using acute Banff scores, in which higher numbers indicate extended injured areas 21 ( Figure 1A ). To further document the link between ANG expression and kidney injury, we performed an immunohistochemical analysis of kidney allografts. Whereas ANG was not expressed in the normal kidneys, we observed the expression of ANG in the tubular epithelium of allografts from injured kidneys ( Figure 1B) . Together, these data indicate that ANG is expressed in the acutely injured human kidney epithelium.
ER Stress Induces ANG Expression in Renal Epithelial Cells
Accumulating evidence indicates that ER stress contributes to kidney disease, and constitutes a new progression factor. 7, 9 In addition, human renal epithelial cells express ANG during ER stress induced by tissue ischemia. 22 Therefore, we investigated the biologic significance of ANG expression in injured kidney epithelium, and we examined whether ER stress promotes the epithelial expression of ANG. Expression levels of binding immunoglobulin protein (BiP) (a surrogate marker of ER stress) and ANG transcripts were significantly higher in injured tissue samples assessed using Banff scores (Supplemental Figure 1, A and B) . Consistently, immunohistochemistry revealed that ANG and BiP were coexpressed in the renal epithelium of injured kidney allografts ( Figure 1, C and D) . In the kidney tissues of mice treated with tunicamycin, a molecule that inhibits N-linked glycosylation and promotes ER stress and AKI, 23 ANG and BiP expression was induced in the renal epithelium ( Figure 2 , A and B, and Supplemental Figure 1C) , with BiP and ANG being sometimes coexpressed in the same tubules (Supplemental Figure 1D) . Similar findings were observed in rat kidneys subjected to cold ischemia. ANG and BiP were also expressed during AKI associated with passive antiglomerular basement membrane (GBM) nephritis ( Figure 2 , A and B) a condition associated with significant proteinuria, 24 which is known to promote ER stress. 25 Finally, BiP and ANG expression was induced in rat kidneys with acute cyclosporin nephrotoxicity (Supplemental Figure 1C) .
To confirm that ER stress controls ANG expression in the human renal epithelium, human renal epithelial cells (HREC) were exposed to thapsigargin (which inhibits Sarco/endoplasmic reticulum Ca21-ATPase pumps and disturbs calcium homeostasis) and tunicamycin. The topoisomerase inhibitor Etoposide, which promotes apoptosis without ER stress, was used as a control. ANG mRNA expression was induced after 4 expression evaluated by immunohistochemistry using kidneys allografts from individuals with acute cyclosporine nephrotoxicity, acute ischemic damage (preimplantation biopsy), or without kidney injury (n=3 for each condition). Original magnification, 3200. hours and peaked after 8 hours of treatment with the ER stressors but not Etoposide, and progressively declined thereafter ( Figure 2C ). The upregulation of ANG upon ER stress was specific, as among the various RNases typically expressed in human renal epithelial cells, only RNase4, which shares the same promoter as ANG, was expressed (Supplemental Figure  2) . ER stress weakly induced ANG protein expression in HREC (Figure 2, D and E) . Notably, ER stress also induced ANG expression in primary cultured renal epithelial cells recovered from a human nephrectomy specimen 26 (Supplemental Figure 3 ).
ANG Expression is
Under the IRE1a/sX-Box Binding Protein 1 Axis in Response to ER Stress Evidence suggests that ANG is induced in HREC subjected to ER stress, so we determined whether and how the UPR regulates ANG expression using small interfering RNA (siRNA)-mediated silencing of PERK, ATF6 and IRE1a, respectively. Although PERK inhibition did not alter ANG expression ( Figure 3A ), ATF6 and IRE1a expression was required for ANG transcript expression upon ER stress ( Figure  3 , B and C), with only IRE1a inhibition reaching a statistically significant difference compared with controls. In line with these findings, the inhibition of the ribonuclease activity of IRE1a by the chemical compound 4m8C 27 reduced the expression levels of ANG under ER stress (Supplemental Figure  4A) . To understand the mechanism by which IRE1a regulates ANG expression, we then silenced the expression of X-box binding protein 1 (XBP1), the transcription factor activated by the ribonuclease IRE1a, and which regulates the IRE1a-related transcriptional program. 28 The siRNA-mediated XBP1 silencing ( Figure 3D , Supplemental Figure 4B ) resulted in reduced expression of ANG following ER stress ( Figure 3D ), consistent with the overexpression of sXBP1, the active form of XBP1, which induced the expression of ANG transcripts ( Figure 3E ). Notably, overexpression of ATF6 also led to an induction of ANG expression, albeit not statistically significant. The sXBP1-mediated chromatin immunoprecipitation assay showed a significant enrichment of the ANG promoter region ( Figure 3F Table 1 ). These results indicate that the IRE1a/sXBP1 arm of the UPR controls ANG expression during ER stress.
ANG Participates in Translation Inhibition During ER Stress
Provided that ANG participates in cell stress responses through intracellular pathways, 18 we proposed that under ER stress, ANG could have intracellular properties. To examine the cell autonomous properties of ANG during ER stress, we focused on the early period after ER stress induction (,4 h) to rule out any autocrine effect of secreted ANG, which is not yet secreted at this time (Supplemental Figure 5) . We first analyzed the interaction of ANG and the ribonuclease inhibitor ribonuclease/angiogenin inhibitor 1 (RNH1), an important regulator of ANG activity, whose dissociation under stress is required to allow ANG cellular activity. 29 Co-immunoprecipitation analysis revealed that the association of ANG and RNH1 was disrupted following 2 hours of exposure to tunicamycin ( Figure  4A ), thus indicating that ER stress promotes the release of ANG from its inhibitor. Recent findings also indicate that during stress, ANG participates in the production of stress granules (SG). 30 SG are dense cytoplasmic aggregates (Supplemental Figure 6 ) containing messenger RNA stalled in the initiation complex of translation, eventually promoting the adaptation and survival of stressed cells. 31, 32 Using elongation Initiation Factor 4E (eIF4E) and eIF3B as markers of SG, 32 immunofluorescence analysis showed that siRNA-mediated ANG silencing (Supplemental Figure 7 ), was associated with the decreased abundance of SG in the cytoplasm of HRECs early after the induction of ER stress ( Figure 4B ), so suggesting that ANG participates in SG formation. To examine whether ANG is involved in translation control upon ER stress, we monitored protein synthesis using Click chemistry. 33, 34 Using the L-azidohomoalanine (AHA) + Alexa Fluor 488 alkyne reaction, or the inverse reaction, L-homopropargylglycine (HPG) and Alexa Fluor 488 azide, we observed that siRNAmediated ANG silencing led to increased protein synthesis (by approximately 20%) after 2 hours of ER stress ( Figure 4 , C and D), compared with control cells. This indicated that ANG contributes to the reduction of protein synthesis during ER stress. Moreover, the analysis of small RNA in tunicamycintreated HREC extracts resolved on denaturing gel and visualized using SYBR gold, revealed bands corresponding to RNAs centered at approximately 30-50 nucleotides (Supplemental Figure 8A ). Northern blotting using cDNA probes complementary to the 39 end of tRNA Pro confirmed that these stress-induced RNAs were tRNA fragments (tiRNA) ANG, BiP, and actin protein expression in kidneys of five mice treated with 1 mg/kg tunicamycin for 24 hours, or five rats subjected to 24 hours of cold ischemic injury, or five mice injected with anti-GBM nephrotoxic serum for 14 days. (C) Graph representing the relative expression (means6SEM) of BiP and ANG transcripts measured through quantitative RT-PCR during a time course experiment using HREC incubated with 2 mg/ml tunicamycin, 0.25 mM thapsigargin, 100 mM etoposide or vehicle. The data were obtained from four independent experiments. One-way ANOVA with Dunnett's post test. ***P,0.001. (D) Immunoblot representing ANG and actin protein expression in HREC incubated with 2 mg/ml tunicamycin, 0.25 mM thapsigargin, 100 mM etoposide, or vehicle for 24 hours. The immunoblot shown represents three independent experiments. Histogram shows densitometric analysis of three independent experiments. Mann-Whitney U test: *P,0.05 compared with control, with Dunnett's post test for multiple comparisons to a single control. (E) Immunofluorescence analysis by confocal microscopy of ANG expression in HREC incubated 24 hours with 2 mg/ml tunicamycin, 0.25 mM thapsigargin, 100 mM etoposide or vehicle. The bar represents 10 mm. Figure 8B) . 15, 18 To determine the role of ANG in the production of these tiRNA, we monitored production of small RNAs under ER stress in HREC extracts from cells silenced or not for ANG. These fragments were significantly reduced in cells transfected with siANG, indicating that their production might depend on ANG expression ( Figure 4E) . Notably, the activity of ANG on protein translation and SG formation was likely independent of eIF2a phosphorylation, as previously described during oxidative stress, 15 because the inhibition of ANG expression did not alter ER stress-induced eIF2a phosphorylation ( Figure 4F ). The inhibition of ANG expression was not associated with degradation of total RNA, which could impact protein synthesis rate 35, 36 ( Figure 4G ). In addition, ANG silencing was associated with the increased production of the spliced product of X-box binding protein 1 (XBP1) mRNA, sXBP1, likely reflecting the exacerbation of misfolding burden on ER due to deficient inhibition of protein synthesis ( Figure 4H ). In line with an increased ER stress response, the expression of transcripts of UPR, including the proapoptotic factor CHOP, and the ER association degradation pathway component HERP, were found to be significantly increased when ANG expression was inhibited (Supplemental Figure 8C ). These results indicate that the cellular effects of ANG during ER stress are, at least in part, mediated through a reduction in protein synthesis, potentially mediated through tiRNA production.
ANG Deficiency Increases Susceptibility to ER StressInduced AKI
We next determined whether and how ANG affords protection under ER stress. To this end, we inhibited ANG expression using siRNA-mediated RNA interference in tunicamycintreated cells (Supplemental Figure 7) , which results in the inhibition of both expression and secretion of ANG, and monitored cell death. ANG silencing increased signs of HREC ER stress-induced cell death, possibly mediated by apoptosis and exemplified by increased PARP cleavage ( Figure 5A ). This indicated that ANG is cytoprotective upon ER stress. Accordingly, staining with the vital dyes Hoechst 33342 and propidium iodide, 37 showed an increase in the number of dying cells with fragmented and pycnotic nuclei and permeabilized plasma membrane, compared with control cells (Figure 5 , B and C). The incubation of HREC with monoclonal antibodies that block extracellular ANG reduced PARP cleavage under ER stress, as well as an increased number of apoptotic cells ( Figure  5D ), suggesting that secreted ANG may have deleterious autocrine effects on HREC viability under ER stress. Together, these results indicate that the net effect of the activation of ANG during ER stress in vitro (both at the intracellular and extracellular levels) results in increased cell viability, an effect likely supported by the intracellular adaptive properties of ANG.
We next examined a role for ANG in response to ER stressinduced kidney injury in vivo. To this end, we challenged mice that do not express ANG (Ang 2/2 mice) with 1 mg/kg tunicamycin. Ang 2/2 mice were born at the expected Mendelian ratio and exhibited no apparent renal phenotype under physiologic conditions (Supplemental Figures 9 and 10 ). Tunicamycintreated wild-type mice developed severe renal lesions, including cell vacuolization, indicative of acute tubular necrosis ( Figure 5E ) and the frequency and severity of these lesions were significantly increased in Ang 2/2 mice ( Figure 5F ). Of note, 96 hours after tunicamycin injection, wild-type and Ang 2/2 mice displayed a similar frequency of tubular lesions, but the lesions were far more severe in Ang 2/2 mice ( Figure 5E ). The number of apoptotic cells, evaluated using terminal deoxynucleotidyl transferase-mediated digoxigenin-deoxyuridine nick-end labeling staining, was higher in Ang idneys of Ang 2/2 mice, which also displayed more severe ultrastructural tubular lesions (Supplemental Figure 11) . Moreover, tunicamycin prompted acute renal failure, characterized by an increase in plasma creatinine concentration, and Ang 2/2 mouse kidneys experienced more severe dysfunction compared with wild-type littermates ( Figure 5I ). These results indicate that ANG affords protection against AKI during ER stress.
DISCUSSION
Understanding UPR signaling in injured tissues is of paramount importance in medicine, and expanding the understanding of how cells respond to ER stress will fuel the discovery of novel therapeutic targets and potential biomarkers relevant to tissue injury. In the present study, based on the characterization of the cellular responses to kidney injuries, we provide the first evidence that ANG is directly and specifically regulated by the UPR through the IRE1a-activated transcription factor sXBP1. The discovery of a UPR-regulated original biologic pathway depending on ANG is of potential considerable importance, as the biologic properties of ANG have been associated with a wide range of pathophysiological processes, including tumorigenesis, tissue regeneration, inflammatory bowel disease, and inflammation. 16, [38] [39] [40] Based on our findings, we propose a working model in Figure 6 . In the first few hours after ER stress arises, a basal pool of ANG dissociates from its inhibitor RNH1 and becomes active, thereby cleaving tRNA, promoting SG formation and translation reduction. The mechanism by which ER stress promotes ANG-RNH1 dissociation is not known, but might involve RNH1 nuclear translocation. 29 In parallel, during ER stress ANG mRNA expression increases under the control of the IRE1a-XBP1 axis, as well as protein level, albeit to a lesser extent, maybe because the protein is in part secreted. Newly produced ANG is also involved in cytoprotection, and we cannot exclude that ANG has cytoprotective properties independent of tiRNA production. Therefore, the cytoprotective effects of ANG that we observed in vitro are, at least in part, mediated by ANG-mediated translation reduction. Our findings are consistent with those recently published indicating that, in various models of tissue damage (ischemic reperfusion, toxic injury and irradiation), the levels of circulating tRNA derivatives, which correspond to the conformational change in tRNA structure that occurs before fragmentation, increased rapidly and may serve as a marker of early tissue injury. 41 Together, these and our results suggest that tRNA derivates are likely involved in renal cell adaptation under stress and highlight the biologic relevance of tRNA catabolism in kidney injury.
We demonstrate herein that, under ER stress, ANG engage a cell autonomous adaptive response, which implicates eIF2a-independent translation inhibition and SG formation. These findings are consistent with the fact that ANG contributes to translation repression and SG formation in response to oxidative stress. 42 Mechanistically, ANG generates stress-induced tiRNAs that contribute to the displacement of eIF4G/A from capped and uncapped mRNA and eIF4E/G/A (eIF4F) from the m7G cap, thereby inhibiting translation and inducing SG assembly. 18 In addition, ANG cleaves the conserved singlestranded 39-CCA termini of all tRNAs, thereby promoting the deactivation of the aminoacyl-ends of tRNA and subsequently inhibiting translation. 43 Therefore, ANG participates in translation attenuation in ER-stressed cells through an original process of RNA interference which therefore expands UPR-induced mechanisms for the reduction of protein flux into the ER and comes in addition to the previously described phosphorylation of eIF2a, 44 regulated IRE1a-dependent decay of RNAs, 36 and selective mRNA release from the ER. 45 Our data also indicate that in the first hours after ER stress induction, ANG-mediated translation repression correlates with ANG dissociation from the ANG-inhibitor RNH1. It is likely that during early ER stress, the existing pool ANG is mobilized and activated, since adaptation occurs before ANG mRNA expression is induced by the IRE1a/XBP1 arm of the UPR. The mechanisms by which RNH1 dissociates from its inhibitor are not clear. A model for RNH1-ANG dissociation has been proposed whereby the RNH1-ANG complex is sensitive to oxidation, attributable to RNH1 cysteine residues. Indeed RNH1 contains 32 cysteines and loses activity in the absence of reducing agents. 46 Treatment of RNH1-ANG *P,0.05 compared with control, with Dunnett's post-test for multiple comparisons to a single control. (B) Immunofluorescence analysis by confocal microscopy of eIF4E and eIF3b colocalization in HREC transfected with an siRNA targeting ANG mRNA or a scrambled siRNA and incubated 4 hours with 2 mg/ml tunicamycin or vehicle. The bar represents 10 mm. Mann-Whitney U test: *P,0.05. (C, D) Histograms showing the incorporation rates of L-AHA and L-HPG in HREC transfected with siRNA targeting ANG mRNA or a scrambled siRNA after 2 hours of incubation with 2 mg/ml tunicamycin. The data were obtained from three independent experiments. Mann-Whitney U test: *P,0.05. (E) PAGE of small RNA extracted from HREC transfected with siRNA targeting ANG mRNA or scrambled siRNA after 2 hours of incubation with 2 mg/ml tunicamycin, followed by staining with SYBR gold. The data were obtained from three independent experiments. (F) Immunoblot representing phospho-eIF2a and eIF2a expression in HRECs transfected with an siRNA targeting ANG mRNA and incubated with 2 mg/ml tunicamycin for 2 hours. Immunoblot is representative of three independent experiments. Histogram shows densitometric analysis of three independent experiments. (G) Experion-based automated gel-based electrophoresis of total RNA extracted from HREC transfected with an siRNA targeting ANG mRNA and incubated with 2 mg/ml tunicamycin. (H) Agarose gel electrophoresis of PCR products of XBP1 cDNA from HREC transfected with siRNA targeting ANG mRNA or scrambled siRNA and incubated 4 hours with 2 mg/ml tunicamycin, or vehicle. Histogram shows densitometric analysis of three independent experiments. Mann-Whitney U test: *P,0.05. complexes with p-hydroxymercuribenzoate rapidly dissociates the complex, releasing fully active RNase. Oxidation or derivatization of cysteine residues alters the structure of RNH1, 47 which may lead to dissociation of ANG from the RNH1-ANG complex. Whether this mechanism occurs under ER stress, which can be associated with oxidative stress, remains to be established.
In parallel with this early ANG-mediated stress response, ER stress also promotes the induction of ANG expression. The fact that we observed a weak accumulation of ANG in whole cell lysate may be related to a secretion process activated upon ER stress, which modalities remain to be determined. In addition to cell autonomous responses mediated by ANG to eliminate the stress and promote cellular adaptation at the individual cellular level, one might propose that secreted ANG might as well be involved in cell non-autonomous responses. Those would likely involve paracrine communication with neighboring cells not yet exposed to stress, and consequently, would act as warning signals. 48 These cellular responses afford tissue level adaptations to a challenge, facilitating the preservation of tissue structure and function.
In conclusion, our results provide new insights into how ANG modulates adaptation during kidney injury, and we describe an additional mechanism by which the UPR might control protein synthesis. We showed ANG as a key regulator of tissue homeostasis during AKI associated with ER stress. Over time, regulators of ANG activity could be developed to increase tissue adaptation to stress.
CONCISE METHODS
Human Studies
RNA Isolation from Kidney Transplant Biopsies
Sixteen surplus kidney allograft protocol biopsies, performed 3 months after transplantation, were retrospectively analyzed for BiP and ANG mRNA expression. Detailed methods are available in the Supplemental Material.
Immunohistochemistry of Human Kidney Biopsies with Acute Injury
Nine kidney allograft biopsies: three normal, three with acute cyclosporine nephrotoxicity lesions, and three with ischemic damage (preimplantation biopsy) were retrospectively analyzed for ANG immunohistochemistry.
Approvals
Kidney biopsies were not performed for the purpose of this noninterventional study, but only for patient care. Patients wrote informed consent for the eventual use of their surplus biologic samples. Analyses were performed anonymously. Paris Descartes University ethics committee approved this observational study. The authors adhere to the Declaration of Helsinki.
Experimental Animal Models Ischemic Injury
Adult male Sprague-Dawley rats (Charles River laboratories, L'Arbresle, France) weighing 325-350 g were allowed free access to tap water. The abdomen was then opened through a midline incision, and the aorta was retrogradely cannulated below the renal arteries with an 18-gauge needle. With the aorta occluded by ligation above the renal arteries, and the renal vein opened by a small incision for outflow, the kidneys were perfused with 20 mL of cold heparinized saline. Kidneys were then washed with 10 mL IGL1 followed by incubation in IGL1 during 24 hours at 4°C.
Passive Anti-GBM Nephritis
Passive anti-GBM nephritis protocol has been induced as described previously. 49 Anti-GBM nephrotoxic serum was injected to C57Bl6/J mice through the retro-orbital venous sinus at 6ml/g body wt for 3 days continuously. On day 14 animals were euthanized. Albuminuria was significantly increased in the animals with anti-GBM nephritis. 24 Ang knockout (Ang 2/2 ) mice. 
Chromatin Immunoprecipitation Assay
Chromatin immunoprecipitation (ChIP) was performed according to the manufacturer's protocol (EZ-Magna CHIP G; EMD Millipore). Briefly, HREC were incubated with tunicamycin for 1 h. Subsequently, the cells were washed with PBS and crosslinked with 1% formaldehyde at 37°C. After terminating the crosslinking reaction, the cells were collected, washed, and resuspended in the SDS lysis buffer containing protease inhibitor cocktail (Roche Diagnostics). The lysates were sonicated five times followed by cooling on ice. The cell debris was cleared, and the supernatant was diluted in a ChIP dilution buffer. After a brief centrifugation, 1% of the total supernatant was put aside and one-tenth of this material was used as input control. Half of the remaining supernatant was incubated with an anti-sXBP1 antibody (made from hybridoma, provided by Dr. Eric Chevet, 50 and the other half of the supernatant was incubated with a nonimmune rabbit immunoglobulin G and protein G magnetic beads at 4°C overnight with rotation. The beads were washed and pelleted using a magnetic separator. After elution, DNA fragments were purified using a spin column. For PCR, 10% of the immunoprecipitated materials were used as the DNA template in 40 cycles of amplification using the following primer sets. The primers sequences are listed in the Supplemental Table 2A . The results of the ChIP analysis were calculated and recorded as fold-enrichment values. The default Input fraction was 1%, which represents a dilution factor of 100 or 6.644 cycles (i.e., log 2 of 100).
Coimmunoprecipitation Assay
The samples were immunoprecipitated using an anti-ANG antibody, followed by immunoblotting for RHN1 and ANG. Detailed methods are available in the Supplemental Material
Small RNAs Migration and Staining with SYBR Gold
Total RNA was extracted using the miRNeasy Mini Kit (Qiagen) RNA (10mg per well) was analyzed using TBE-urea gels and stained with Figure 6 . Regulation of ANG activation and expression under ER stress. Under ER stress, ANG expression and activation are induced. ANG expression is induced by the transcription factor sXBP1, following IRE1a activation. Part of ANG is secreted by HREC under ER stress. In addition, early ER stress promotes residual ANG activation by freeing it from its inhibitor RNH1, the exact mechanism being unknown, but which could involve post-translational modifications. One of the mechanisms by which ANG promotes cell adaptation during ER stress implicates its ribonuclease activity, which cleaves tRNA to produce tiRNA that interfere with translation initiation. Consequently, nascent protein synthesis and ER protein load are reduced, ER stress is mitigated, and cell survival is prolonged. Importantly, this model does not exclude other mechanisms leading to cell adaptation mediated by ANG under ER stress. Dashed lines represent hypothetical process.
